INTRODUCTION
In the envelope of Escherichia coli the outer and inner membranes enclose a cell compartment designated as the periplasm (Oliver, 1987) . The definition, size and organization of this periplasmic space are still a matter of uncertainty and debate. The most relevant information comes from electron microscopy investigations (Murray et al., 1965 ; De Petris, 1967 ; Dubochet et al., 1983; Hobot et al., 1984; Leduc et al., 1985; Newman & Hobot, 1987) . Recently, we showed that when exponential phase cells are fixed overnight with glutaraldehyde, followed by an osmium fixation, and thin sections are stained by the Rambourg method [which involves treatment with phosphotungstic acid (PTA) in chromic acid], a dark 15-nm-thick layer of uniform appearance and constant width occupies the whole area between the inner and outer membranes of the envelope. Furthermore, during antibiotic-induced autolysis a progressive thinning-down, limited to the inner side of the PTA-stained layer, was observed (Leduc et a!., 1985) .
The use of PTA at low pH was initially described by Rambourg (1969) for the specific staining of polysaccharides; the method was modified subsequently by Roland et al. (1972) . More recently, it was reported that in various bacterial cell walls peptidoglycan was revealed by this staining technique (Rousseau & Hermier, 1975; Leduc et al., 1977; Frkhel& Ryter, 1982; . In E . coli the main known macromolecular constituents of the periplasm are peptidoglycan, proteins and the membrane-derived oligosaccharides (MDO) (Oliver, 1987) .
(ii) PTA staining. Thin sections on plastic rings were successively floated on 1 % (w/v) periodic acid in distilled water for 15 min to bleach sections of osmium deposited during fixation, rinsed with distilled water (three times for 10 s, three times for 10 rnin). The procedure of Rambourg (1969) , as modified by Roland et al. (1972) , was then applied. This consisted of treatment for 20 rnin with 1 % (w/v) PTA in 10% (w/v) chromic acid, followed by rinsing for 10 min with distilled water. All sections were gathered onto 400 mesh grids without formvar. Postfixation has no effect on the PTA staining since treatment with 1 % periodic acid bleaches the samples. Nothing was revealed prior to the PTA staining.
(iii) Periodic acid-silver proteinate (PA-SP) staining. This was done by the method of Thiery (1976) , except that thin sections were incubated for 1 h with thiocarbohydrazide in order to reveal glycogen.
Analytical procedures. Quantitative amino acid and amino sugar analyses were done using a Biotronik Analyzer after samples had been hydrolysed in sealed tubes with 6 M-HCl at 95 "C for 16 h and the acid had been evaporated to dryness in uucuo over KOH pellets.
Glycogen content of cells and isolated sacculi was determined as described (Dietzler et al., 1973; Preiss, 1984) . The values for the glycogen content of cells were overestimated since TCA-insoluble forms of polymeric glucose other than glycogen were not considered.
R E S U 1-T S
PTA staining of the periplasm As previously described (Leduc et al., 1985) , when thin sections of E. coli cells fixed overnight with glutaraldehyde were treated according to the PTA method, the cell envelope appeared as a wavy multilayered structure (Fig. 1) . The cell cytoplasm was also stained, presumably because of the presence of sugar-containing compounds. A thick dark layer of constant width was observed in the periplasmic space between a thin translucent inner layer and a clear outer one overlaid by a weakly stained line. The inner and outer layers could be interpreted as corresponding to the cytoplasmic and outer membranes, respectively. The thick dark layer was present whatever the growth phase (Fig. 1) and its mean thickness varied by about 40% from 14.7 & 3.5 nm to 20.8 & 2.5 nm as cells entered stationary phase (Table 1) . As discussed previously (Leduc et al., 1985) , a uniform thickness of about 15 nm for the periplasm of exponential phase cells is in agreement with values obtained by other electron microscopy techniques (Dubochet et al., 1983 ; Hobot et al., 1984; Newman & Hobot, 1987 1 To determine the thickness of the PTA-stained layer, 100 to 200 measurements were made on 30 cells or sacculi in each case. $ Determined as previously described (Leduc & van Heijenoort, 1980) .
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Differences between values are statistically significant (at P < 0-01) in each column.
electron microscopy. To determine whether MDO has a role in staining of the periplasm by the Rambourg procedure, cells of E. coli(mdoA200 : : TnlO), which are blocked in MDO synthesis, were fixed and stained. The same dark 15-nm-thick layer of uniform appearance and constant width as observed with the parental strain was seen (Fig. 1 c) . Furthermore, the thickness of the PTAstained layer increased as cells entered stationary phase, as in the parental strain (Table 1) .
Glycogen can be readily revealed by the PTA procedure (Martoja et al., 1975) . Since it has been detected in various E. coli strains (Dietzler et al., 1973; Preiss, 1984) it was necessary to test for its presence in the K12 strain used and to exclude its possible interference with the detection of peptidoglycan. Under the growth conditions used, the cell glycogen content was at most 2 to 3% of the cell protein content. Between 5 and 15% of the glycogen material was still present in crude isolated sacculi, but disappeared after treatment with pancreatin. By using the Thiery staining procedure, which is specific for polysaccharide with vicinal hydroxyl groups, glycogen was localized in whole cells exclusively in the cytoplasm in the form of granules (Fig. 2) . In crude isolated sacculi (Fig. 2) glycogen material was not detectable in the envelope layer of sacculi but was encountered in granules identical to those observed in whole cells. This suggested that the granules partially co-sediment with sacculi or are loosely bound to them.
PTA staining of isolated sacculi and pur$ed peptidoglycan Isolated sacculi from early exponential phase cells of E. coli were seen in thin sections as a dark line (Fig. 3a) after they had been fixed, embedded in Epon and stained according to the Rambourg procedure. The thickness of the layer was estimated at 8.8 & 1.3 nm (Table 2) . With sacculi from stationary phase cells the same dark line was observed (Fig. 3c ) but its thickness was 11.2 f 2.2 nm. Sacculi isolated from E. coli by treatment with hot aqueous SDS contain roughly equal amounts by weight of peptidoglycan and attached lipoprotein (Braun & Rehn, 1969) . When protein was removed from isolated sacculi, the purified peptidoglycan also appeared in thin sections as a dark stained layer (Fig. 3b, e) . Its thickness was estimated to be 6.6 & 1.5 nm for material from exponential phase cells and 10.7 1.2 nm for that from stationary phase cells (Table 2 ). The mean thickness of purified peptidoglycan was lower than Table 2 ). Moreover, the thickness of crude sacculi and purified peptidoglycan both increased from the early exponential phase to the late stationary phase (by 27% for sacculi and by 62% for purified peptidoglycan). These results should be correlated with the corresponding observed 60 % increase in cell peptidoglycan content ( Table 1 ). The increased peptidoglycan content of stationary phase cells of E. coli K12 was previously observed after growth in various media (Mengin-Lecreulx & van Heijenoort, 1985) . Crude sacculi and purified peptidoglycan differed in appearance also. In thin sections, crude sacculi showed extended surfaces with a cell-like appearance, whereas after removal of protein, the remaining ghosts had a crumpled collapsed appearance. This was true for material from both exponential and stationary phase cells (Fig. 3) . If in the staining procedure PTA was dissolved in hydrochloric acid rather than in chromic acid, only weak staining was detectable ( Fig. 3 4 , demonstrating the importance of chromic acid for revealing this material.
M . L E D U C A N D O T H E R S
Role of proteins in PTA staining of the periplasm The above results clearly show that E. coli peptidoglycan is stained by the Rambourg procedure and is thus presumably responsible for the staining of the periplasm in thin sections of whole cells. However, it could not be ruled out a priori that periplasmic proteins might also be involved in staining. To test this possibility, a sample of bovine serum albumin (4-5 mg) was fixed, embedded and treated by the PTA method in the same way as isolated sacculi. No staining was observed in thin sections (Fig. 4a) despite the large amount of protein used. A control staining with lead citrate (Fig. 46) showed that the protein material had been fixed and embedded as expected. Although bovine serum albumin is obviously not identical to periplasmic proteins, this experiment is consistent with a low affinity of PTA for proteins under the conditions used.
Chemical modlJication of' isolated peptidoglycan afier fixation and treatment with chromic acid
Overnight fixation with glutaraldehyde and the use of chromic acid appeared to be essential for the proper staining of peptidoglycan material by PTA. In an attempt to reach a better understanding of the chemical effects of these reagents, the amino acid and hexosamine compositions of isolated peptidoglycan were examined before and after treatment with either glutaraldehyde, chromic acid or both. When isolated peptidoglycan was treated overnight with 2.5 % glutaraldehyde alone, the only variation observed concerned diaminopimelic acid (DAP) which decreased by 50 to 60%. Such a decrease was presumably due to the reaction of glutaraldehyde with the free amino group of DAP residues as previously found with Bacillus subtilis peptidoglycan (Hughes & Thurman, 1970) . When isolated peptidoglycan was treated with 10% chromic acid alone, the most striking feature observed over the 2 h period considered was the recovery by centrifugation of most (90%) of the peptidoglycan material (as shown by the small variations of the alanine, glutamic acid and DAP contents) despite the large concomitant decrease of the muramic acid and glucosamine contents (Fig. 5) . The hexosamine residues were apparently chemically modified without cleavage of the glycosidic linkages of Fig. 5 . Effect of chromic acid on isolated purified peptidoglycan from E. coli K12 HfrH. Samples (0.1 mg) of purified peptidoglycan isolated from overnight stationary phase cells grown in M63 minimal medium were each suspended in 1 ml 10% (w/v) chromic acid and incubated at room temperature (22 "C) for various time periods. After centrifugation at 200000g in a TLlOO Beckman centrifuge for 15 min at 22 "C, pellets were rapidly suspended in 0.1 M-potassium phosphate, pH 7. The 15 min centrifugation period was considered as part of the incubation time. The buffer was removed by centrifugation and the pellet was suspended in 1 ml of water. The five main peptidoglycan constituents [alanine, glutamic acid, diaminopimelic acid (DAP), glucosamine (Glc) and muramic acid (Mur)] were quantified. Results are expressed as the percentage of remaining constituents as compared to their amount in the untreated peptidoglycan sample.
peptidoglycan. The same kinetics were observed when, prior to the treatment with chromic acid, peptidoglycan was fixed overnight with glutaraldehyde, except that DAP was already at a reduced level.
Autolytic degradation of the PTA-stained layer and growth phase
We have previously shown that exponential and stationary phase E. coli cells differ in their susceptibility to autolysis (Leduc et al., 1982; van Heijenoort et al., 1987) . Whereas autolysis of exponential phase cells can readily be promoted, for instance with antibiotics, hardly any autolysis can be observed with similarly treated cells from an overnight culture. In the present work, the rate constant of cephaloridine-induced autolysis was found to decrease as growth proceeded (Table 1) ; a similar observation has been made for moenomycin-induced lysis (van Heijenoort et al., 1987) . It was previously observed that antibiotic-induced lysis was accompanied by the breakdown of the periplasm, visualized by the Rambourg method, proceeding over the whole cell surface by a progressive thinning-down, limited to the inner side of the stained layer. Thickness measurements (Table 1) showed that for cephaloridine-induced autolysis, the extent of degradation became less as growth proceeded. In parallel, it was observed that after autolysis the number of empty cells was greater in the early exponential phase (80%) than in the late exponential phase (less than 20%).
DISCUSSION
The data presented here, together with previous observations (Leduc et al., 1985) , clearly show that it is the staining of peptidoglycan that is mainly responsible for the staining of the periplasm by the PTA procedure. Thus, purified protein-free peptidoglycan was stained by this technique, and the increased thickness of the periplasm in late exponential or stationary phase cells correlated well with the increased thickness of isolated sacculi and purified peptidoglycan, and with the increased amounts of cell peptidoglycan. The progressive clearing of the PTAstained periplasm that proceeded at its inner side during autolysis also indicated that peptidoglycan material initially extended throughout the periplasm (Leduc et al., 1985) .
Comparison of an MDO-deficient strain with the parental strain showed that MDO was apparently not involved in the staining. Considering its structure and the amounts present, estimated at about 6% of the cell dry weight in the parental strain, this could at first sight seem surprising. A plausible explanation is that owing to its low M , (about 2400) most of the MDO is extracted as soluble material in the steps preceding the PTA treatment. As for glycogen, although present in the E. coli K12 cells used, it was not intrinsically part of the envelope. Leutgeb & Weidel (1963) came to a similar conclusion for E. coli B. A number of observations also suggest that periplasmic proteins play a minor role, if any, in the staining of the periplasm. The total insensitivity of serum albumin to staining was one point. Another was that PTA in hydrochloric acid stained sacculi only weakly. Normally, at a low pH, proteins possess high affinity for PTA owing to their polycationic character (Martoja et al., 1975) . In the present case, the lack of reactivity of proteins was presumably due to the postfixation with osmium tetroxide which causes their oxidative deamination (Martoja et al., 1975) . Furthermore, the use of chromic acid in the PTA procedure is itself known to decrease the reactivity of proteins for PTA.
The requirement for chromic acid in order to stain peptidoglycan implied that oxidizable groups were involved in the process. The hexosamine residues of peptidoglycan and not its amino acid residues were sensitive to chromic acid. Moreover, under the conditions used, the glycosidic linkages were apparently not cleaved since peptidoglycan integrity was preserved. It has been stated that the reactivity of glucids for PTA is greater if they are more readily oxidizable (Martoja et al., 1975) . The functional groups most readily accessible to oxidation should be the 3 and 6 hydroxyls of GlcNAc and the 6 hydroxyl of MurNAc. Further work is required to identify the oxidation products.
The value of 6.6 nm determined for the mean thickness of purified peptidoglycan isolated from exponential phase cells is in agreement with the value of 5 to 7 n m found for similar material prepared by freeze substitution (Hobot et al., 1984) . It has been estimated that the distance between two glycan strands in a fully extended structure should be about 1-9 to 2-5 nm (Oldmixon et al., 1979;  H. Labischinski, personal communication) . A thickness of 6 nm is compatible with a two or three layer structure. Considering the existence of various oligomeric subunits and the extent of cross-linking of peptidoglycan, a single layer model may not be a satisfactory one (Labischinski et al., 1986; Glauner et al., 1988) . When late stationary phase cells were considered, a thickness of 10 to 11 rim for peptidoglycan would be compatible with a four to five layer structure. Such a high surface density (or thickness) of E. coli peptidoglycan together with modifications of its structure (Pisabarro et al., 1985; Glauner et al., 1988) could perhaps explain the resistance of stationary phase cells to autolysis.
M . L E D U C A N D O T H E R S
Peptidoglycan material isolated from E. coli by treatment with SDS was obtained as a gel. It had a high water content (Hobot et al., 1984) and thus presumably a very expanded structure. Assuming that the same is true in uiuo, Hobot et al. (1984) proposed a model for the organization of the periplasm in which peptidoglycan fills the entire space between the inner and outer membranes in the form of a loose gel. The idea that peptidoglycan can serve as a framework for the organization of the periplasmic space is consistent with its partial degradation, seen as a thinning of the PTA-stained layer, at different stages of autolysis (Leduc et al., 1985) . It has also been suggested that peptidoglycan could be a barrier restraining the lateral diffusion of periplasmic proteins (Brass et al., 1986) Given that peptidoglycan is the constituent mainly responsible for the staining of the periplasm by the Rambourg procedure, it is paradoxical that it was visualized as a 15-nm-thick layer in whole cells while, as isolated material, presumably in an extended form, it was only 6.6 nm thick. The loss of significant amounts of peptidoglycan material during treatment with SDS has been excluded (Burman & Park, 1983; Goodell et al., 1983) . A possible explanation could therefore be that peptidoglycan is riot evenly distributed in the periplasm. Owing to the thickness of the sections inspected (70 to 80nm) any local uneven distribution will appear uniform. Peptidoglycan is associated with proteins of the outer membrane (Inouye, 1979) , as well as being synthesized by polymerases associated with the inner membrane (Rogers et al., 1980) . Moreover, fractions containing inner membrane, peptidoglycan and outer membrane have been described (Ishidate et al., 1986) . It is therefore plausible that peptidoglycan material could span the periplasmic space from one membrane to the other. If peptidoglycan is a continuous structure about 6 to 7 nm thick, an uneven distribution in a 15-nm-thick periplasm can be explained in various ways. Two simple models are shown in Fig. 6 . The first one corresponds to a brush-like structure and the second to an undulating structure. Owing to the stress bearing function of peptidoglycan, the second model seems unlikely as a structure extending over the whole cell surface. However, the actual organizaton of peptidoglycan in the periplasm is undoubtedly far more complex. It could combine features of such simple models and involve interactions not only with the outer and inner membranes, but also with other periplasmic constituents.
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